Abstract Weather based index insurance is considered to be a potentially promising means of financial adaption to the challenges of climate change and variability; particularly for the agricultural sector in the developing world. However, comparatively little attention has been devoted to the analysis of the long-term viability of this adaptation mechanism in light of the interaction between changes in climate and the frequency of extreme events. Such changes in the frequency of extreme events are expected to have significant implications for the viability and pricing of index insurance over time. This question is analyzed in the context of hypothetical drought and flood index insurance contracts proposed for the West African Sahel using data from five Global Climate Models (GCMs) that were part of the Intergovernmental Panel on Climate Change's (IPCC) 5th Coupled Model Inter-comparison Project (CMIP5). GCM derived trends in the mean and variance of the regional precipitation are integrated into a Monte Carlo simulation of the frequency of extreme seasonal drought and rainfall. Expected payout risk and the probability of 10 or more payouts in a 30-year window are modeled. The model results presented show significant pricing sensitivity to climate model parameters; particularly changes in the mean precipitation and strong multi-decadal variability. Further, within the Sahel region, there is a significant spatial heterogeneity between subregions. These findings imply that the utility and affordability of such index insurance contracts over time will be complex and heterogeneous over time and space.
expected that climate change is likely to pose significant economic challenges to these same populations in the future (Leichenko and O'Brien 2008, Kates 2000; Adger et al. 2003 ; Thomalla et al. 2006; Schipper and Pelling 2006) . Rain-fed subsistence agriculturalists have a particularly high level of exposure to climate related risks and are consequently, particularly vulnerable (Morton 2007) .
In order to address these challenges, climate based index insurance has been pursued in a variety of contexts in the developing world (Hellmuth et al. 2009; Osgood et al. 2010; Skees 2007; Collier et al. 2009 ). Index insurance differs from loss-based insurance in that the insurance contract is written on the basis of a geophysical index and is designed to pay out at a specified threshold value of that index; i.e. there is no loss, claim and verification process. It has the potentially attractive features of averting moral hazard, lowering transaction costs and being quickly disbursable (Hellmuth et al. 2009 ). As such, it may be a valuable tool for financial adaptation to climate risks in the developing world. However, there are several significant challenges to the widespread implementation of index insurance: some cultural and economic and others technical and scientific (Skees 2007) . The latter class of challenges includes the long-term viability of this form of adaptation in light of climate change. The viability of an index insurance contract is dependent on both its affordability and default risk.
The frequency and severity of extreme climate extreme events are quite sensitive to changes in the average and variance of the underlying distribution of the climate variable under analysis (Meehl et al. 2000; Meehl and Tebaldi 2004; Tebaldi et al. 2006 ). This issue is explored with respect to hypothetical national drought and excessive rainfall index insurance contracts for three nations in the West African Sahel: Niger, Burkina Faso and Mali. The framework presented here would not be suited to household, community or provincial level contracts. Geographically finer scale analysis would require other downscaling methods and more localized historical meteorological and agricultural data than are presented here.
This region constitutes one of the poorest and most rapidly growing populations in the world. Historically, this region has experienced very pronounced changes in regional climate on decadal and multi-decadal time scales (Siebert 2014 , Greene et al. 2009 Ward et al. 2012 ). The challenge posed for index insurance by this strong multi-decadal variability in the Sahel has been discussed in the context of historical data (Collier et al. 2009 ). While many regions of the globe have weaker multi-decadal variability and stronger trend in observed and projected water balance (eg. the drying of the Mediterranean), the very pronounced multi-decadal variability of the Sahel implies a more complex narrative regarding the implications of climate change and extreme event frequency. This more complex narrative can offer insight as to how multiple time scales of variability interact to influence index insurance pricing and other forms of adaptation.
In the recent past, several index insurance pilot projects have been undertaken in this region. A project of the Africa Risk Capacity paid out over 26 million USD between Senegal, Mauritania and Niger in the 2014-2015 season to alleviate drought risk, and bases its contracts on rainfall deficit as assessed from the satellite based NOAA Africa Rainfall Climatology (African Risk Capacity 2015). Several projects sponsored by partnerships between Planet Guarantee/International Finance Corporation, the Dutch company EARS and several reinsurance companies through the Global Index Insurance Facility have sought to address drought and low area yield risks and have a combined portfolio of around 3 million USD (International Finance Corporation. Planet Guarantee 2015). To help facilitate adaptation under the National Adaptation Plan, a Niger government agency, CNEDD (Conseil National de l'Environnement pour Developpement Durable) is partnering with the United Nations Development Program and the International Research Institute for Climate and Society to sponsor index insurance within Niger.
In related work on the abovementioned hypothetical national scale index insurance contracts, several rainfall, streamflow and agricultural datasets were analyzed for statistical relationships. Over the period from 1961 to 2011, certain observed indices of rainfall (Global Historical Climate Network (GHCN) and NOAA's Precipitation over Land (PRECL)) have been shown to correlate well with the national scale de-trended millet production for Niger, Burkina Faso and Mali (from the Food and Agriculture Organization (FAO)), and there was a robust relationship between Niamey flood month streamflow and Niger irrigated rice production (Siebert 2015) . Furthermore, flood month streamflow itself in the middle Niger Basin is well correlated with upstream JAS rainfall anomalies in the Guinean Highlands (Siebert 2015) . Consequently, relatively localized rainfall can serve as the basis for drought index insurance contracts for regional rainfed millet farmers and rainfall in the upstream area of the Niger River can serve as a basis for flooding index insurance contracts for irrigated rice farmers in Niger.
There is disagreement among Global Climate Model (GCM) output regarding the expected sign of the precipitation change in the Sahel in the 21st century relative to the late 20th century base period (IPCC 2013; Biasutti 2013) . This lack of model convergence in the projected trend in regional precipitation is similar to earlier modeling studies of the region's rainfall (Gianinni et al. 2013; Cook and Vizy 2006) . However, on the issue of temperature, regional modeling studies do seem to suggest a fairly robust projection that the interior of North Africa is likely to warm more than the maritime regions around the Gulf of Guinea through much of the 21st century (Vizy et al. 2013; IPCC 2013) .
The uncertainty regarding the region's rainfall is partly because of model uncertainty and partly because of competing dynamical mechanisms. When the interior of North Africa gets unusually hot relative to the sea surface temperatures around the Gulf of Guinea, an enhanced pressure gradient ensues, driving stronger onshore winds during the monsoon season. Strengthened heating over North Africa seems to be a robust conclusion from many modeling studies (Vizy et al. 2013; Liu et al. 2002) . Higher sea surface temperatures also facilitate more evaporation and the potential for more precipitation globally (Held and Soden 2006) , but higher ambient temperatures require a higher atmospheric water vapor concentration to trigger precipitation and can also evaporate enough surface water to reduce potential biophysical feedback mechanisms (Wang and Eltahir 2000) . Furthermore, it has been shown in prior research that Sahelian rainfall trends are quite responsive to anomalies in the sea surface temperatures; of both the tropical North Atlantic and other tropical ocean basins (Giannini et al. 2003; 2013) . Along these lines, there is still considerable uncertainty regarding the trajectory of the Atlantic Multi-decadal Oscillation (although the current state seems to be a positive phase anomaly) (Knight et al. 2006) .
While assessing the total water stress might be in some ways more pertinent to the implied risk of crop failure to a rain-fed agricultural system, there are significant data requirements to doing so. Consequently, a precipitation-only index is chosen as a first step to estimating climate related stresses to agriculture in the West African Sahel and as a basis for index insurance contract. GCM based evapotranspiration data is also analyzed in order to present a larger picture of the region's hydroclimatology, but is not considered explicitly as a basis for index insurance, due to the abovementioned data constraints. Furthermore, a simpler index insurance contract design may facilitate communication and trust.
Model data
The Global Climate Models used for this section of the analysis are as follows; National Oceanic and Atmospheric Administration Geophysical Fluid Dynamics Lab (NOAA-GFDL) CM3, 2.5°lon×2°lat grid, (USA) ) National Center for Atmospheric Research (NCAR) CCSM4 r1i1p1, 1.25°lon×0.94°lat grid, (USA) (Gent et al. 2011) Centre National de Recherche Meteorologique (CNRM) CM5 r1i1p1, 1.41°grid, (France) (Voldoire et al. 2011 ) National Aeronautics and Space Administration -Goddard Institute for Space Studies (NASA-GISS) model E2H, r1i1p1, 2.5°lon×2°lat grid, (USA) (Schmidt et al. 2006 ) and the Commonwealth Scientific and Industrial Research Organization (CSIRO) MK3.6, r1i1p1, 1.875°lon×1.865°lat, (Australia) (Jeffrey et al. 2013) Each of these models was a part of the Climate Model Inter-comparison Project 5 (CMIP5) efforts in support of the IPCC AR5. From each of these models, monthly precipitation and evapotranspiration data was acquired for the historical period of 1980-2005 and for the 21st century projections on the basis of the RCP 4.5 (middle emissions) and RCP 8.5 (high emissions) scenarios for the core monsoon months of July, August and September.
All Sahel indices
The first layer of geographic analysis undertaken was to explore the behavior of all-Sahel indices. Precipitation, Evapotranspiration and Precipitation-Evapotranspiration (P-E) indices were calculated for the all Sahel domain. The All Sahel JAS indices for these variables for each model was created by averaging the grid-box specific standardized anomalies across the Sahel domain; 10 N to 20 N, 15 W to 20 E. For each index, mean values and standard deviation values were calculated on the basis of the 2060-2100 period and the 1980-2020 period. The (2060-2100 period)/(1980-2020 period) ratios were calculated. Precipitation, evaporation and P-E mean ratios exceeding unity imply a wetting trend, an enhanced evaporation trend and a reduced water stress trend respectively, while standard deviation ratios exceeding unity imply a trend towards more variability over time.
Country/region specific indices
In addition to creating Sahel-wide indices for precipitation, evapotranspiration and P-E, country specific precipitation indices were selected using spatial subdomains. The specific details of geographical domain varied slightly by model as each model had different spatial resolutions. However, ostensibly, GCM gridbox data that was within certain geographic Bboxes^became part of a nation's aggregated index. The geographic domains of the three nations' boxes along with the domain of the Guinean Highlands Bbox^are shown in Fig. 1 . The northern regions of Mali and Niger were excluded because they are too dry to support widespread agriculture. The southernmost, semi-humid regions of Mali and Burkina Faso were also excluded because these regions are humid enough to support more diversified agriculture.
The map of JAS rainfall/December Niamey streamflow correlation is shown in the supplementary material.
Trends in the mean and variability
While the abovementioned five model runs are not exhaustive of the CMIP5 data, they do represent a range of outcomes and have each been cited in other recent literature regarding climate model analysis of Sahelian rainfall (Biasutti 2013) . Table 1 shows the (2060-2100)/ (1980-2020) mean ratios for the various all Sahel indices. In the analysis shown here and in other literature (Biasutti 2013) , the GFDL CM3, NCAR CCSM4 and CNRM CM5 models produce a trend towards heavier precipitation in the 21st century (as compared to the late 20th century). Conversely, the GISS E2H and CSIRO MK3.6 models show a drying trend in the 21st century (as compared to the late 20st century).
Furthermore, the GFDL, NCAR and CNRM models all project a trend towards increasing evaporation in the 21st century, while the GISS and CSIRO models produce a trend towards reduced evaporation in the 21st century. A modeled reduction in absolute evapotranspiration may be consistent with the narrative of global and regional warming, if prolonged regional desiccation sufficiently compromises plant growth and biophysical feedbacks. While higher temperatures imply a greater potential evaporation, the actual evaporation rate depends in part on heating and in part on water availability.
At the all Sahel scale, for both RCPs of the GFDL and NCAR models, the increase in precipitation is enough larger than the increase in evaporation that the P-E trends positive in the 21st century. For the CSIRO model, where there is a trend of increasing evaporation and decreasing rainfall, there is a marked downward trend of P-E. For the GISS model, the P-E trend is negative for RCP 8.5, but positive for RCP 4.5, whereas for the CNRM model, the P-E trend is positive for the RCP 8.5 and negative for the RCP 4.5.
While trends in variability are also an important component of the conceptual effect of climate change on extreme event frequency, this study generally finds that projected mean changes and multi-decadal variability (MDV) typical of the region tend to project larger changes in extreme event frequency than do changes in inter-annual variability. Further discussion of projections of inter-annual variability is included in the supplementary material.
The values of the mean ratios for the All Sahel indices and the sub-region specific indices are shown Tables 1 and 2 , respectively, along with the +/−1 standard deviation interval as calculated from the empirical data from all the Sahel gridboxes (as a measure of spatial variability). While the spatial variability of the mean ratios of precipitation and evaporation are relatively small, there is significant spatial variability to the precipitation-evaporation index, indicating a possibility of a high level of spatial heterogeneity in the late 21st century water stress (with respect to the 1980-2020 period) across the Sahel. In almost every GCM/RCP combination, the +/−1 standard deviation envelope includes a mean ratio of 1, indicating that even in many modeling scenarios where there is a pronounced regional trend in one direction or another, there is still enough spatial heterogeneity that a significant proportion of the Sahel grid-boxes respond in the opposite manner.
It should be noted throughout this analysis that agricultural production strategies will not be static over time (even though that assumption is implied here). As environmental conditions change, farmers in the region will have to adapt cultivars, fertilization methods and planting practices to adapt to the evolving realities on the ground. If these adaptations are successful at reducing aggregate climate exposure of the cultivated crops, a given shift in rainfall may have a more limited impact on crop yield. This may then also feedback in the form of reduced volatility of index insurance pricing.
Monte Carlo simulation methods
Monte Carlo simulation methods used in this study borrow significantly from prior publications (Siebert and Ward 2011; 2013) . Three different simulation experiments were run on the abovementioned country/region specific and All Sahel indices; Experiment 1 a changing standard deviation (variability) only experiment Experiment 2 a changing mean only experiment and Experiment 3 a combined experiment that has temporally evolving trend and standard deviation.
Trends in the mean and standard deviation were based on the mean and standard deviation ratios shown in Tables 1 and 2 and the electronic supplemental material. Throughout this Monte Carlo simulation section, 1000 realizations were run for the period 2006-2100 for each experiment and inter-annual variability is sampled from the normal distribution. In addition to the three foundational experimental frameworks, each of these experiments was also run using a range of temporal lag-1 autocorrelation values (0, 0.2, 0.4, 0.6 and 0.8) to simulate different scales of MDV.
Some literature from pilot projects in Africa suggests that in some field contexts, there may be a conceptual (and demonstrated) preference for higher payout frequency, higher premium contracts (Norton et al. 2014; Chantarat et al. 2013) . Below, different possible thresholds are referred to by their frequency of payout during the base period . A contract with a B0.2^threshold pays out 20 % of the time during the base period; a contract with a B0.1t hreshold pays out 10 % of the time.
Index insurance pricing results
The electronic supplementary materials include a discussion of different aspects of index insurance pricing and different conceptual scenarios for representing the evolution of climate risks. Here, the Bprice evolution framework^is considered and the threshold crossing event (TCE) frequency was computed for the 2011-2040, 2041-2070 and 2071-2100 
Results of experiment 3
Selected results from Experiment 3 (mean and variability change), based on a lag-1 year autocorrelation of 0.6 are shown below in Fig. 2 below.
These results are largely in line with the results of Figures ES4 from the mean change only experiment, indicating that when both mean and variance change are considered together, the change in the mean is the dominant factor. While this finding is in line with earlier work on historical data by (Collier et al. 2009 ), this work focuses on future GCM simulations. This being said, when the trend in the variance is positive, the expected risk price change is even more dramatic than the mean change only scenario. Similarly, when the trend in the variance is negative, the expected risk price change is damped relative to the mean change only scenario.
Throughout this section, the change in the expected risk price tends to be greatest in the latest period (i.e. 2071-2100 represents the largest departure from the initial expected risk price). The three models that tend to show a wetting trend over the Sahel (GFDL, NCAR and CNRM) show a decline in expected risk price over time (for drought contracts). The two models that show a drying trend over the Sahel (GISS and CSIRO) show an increase in expected risk price over time (for drought contracts). The converse is true for the excessive a b rainfall contracts (as is shown in the supplementary material). The trends tend to be more pronounced for the RCP 8.5 scenario than the RCP 4.5 scenario.
As the GCM results here span a range of possible outcomes, discussions of price evolution should include some measure of that range across different models in ensemble. Figure 3 shows the inner quartile ranges of the expected risk (actuarial price) for the 2041-2070 and 2071-2100 time horizons.
As expected, the inner quartile range is somewhat larger for the 2071-2100 period than for the 2041-2070 period. Further, the ranges for the 0.1 threshold indices are smaller than the ranges for the 0.2 threshold. There is some degree of spatial heterogeneity with the Mali subdomain having larger implicit actuarial costs than the other subdomains.
A practical implication of this finding may be that as climate risks evolve, prices may increase to an unaffordable level in specific regions before others. This outlines the need to account for both temporal and spatial variability of climate risks in assessing index insurance viability over time.
Climate uncertainty risk
In addition to the change in the price from the evolving climate Bexpected risk price^, there is also the evolving Buncertainty risk^associated with the probability of a large number of payouts in a short period (which would effect the Bloading^costs). This additional uncertainty related Bloading^cost could be expressed as a fraction of the total cost of 10 or more extreme events in 30 years, for example:
where P d is the premium of the drought contract, L is the total insured liability, p represents probability, r represents rainfall, rstrike represents the rainfall threshold at which the contract a b Fig. 3 a (left panel): Estimated inner quartile ranges for the 2041-2070 time frame for Experiment 3 (mean and variance change) expected risk (actuarial) price. The average and standard deviation used to calculate the inner quartile range were empirically derived from the model output of the five GCMS: GFDL, NCAR, CNRM, GISS and CSIRO. The assumption behind this estimation is that the range of GCM trends is normally distributed with the empirically derived mean and standard deviation. b (right panel): Same estimation as for 3a, but for the 2071-2100 time frame pays out, p 10+TCEs in 30 years is the probability of 10 or more extreme events in 30 years and f represents some scalar coefficient. Other, more complex formulations of index insurance pricing have been discussed in other literature, including terms for both ambiguity and catastrophic loading along with terms for costs for administration and ready access to capital (Collier et al. 2009 ). Two modeled scenarios could have the same climate Bexpected risk^, but very different likelihoods of a very large number of payouts in a defined period of time, depending on the strength of the persistence (MDV) in the climate system. The Monte Carlo simulations undertaken over a range of autocorrelation values demonstrate that a large autocorrelation value doesn't tend to alter the expected TCE frequency, but does tend to alter (in most cases increase) the probability of a large number of TCEs in a short period. While a more complete discussion is included in the supplemental material, Fig. 4 demonstrates that the probability of 10 or more TCE droughts increases over time for the GISS and CSIRO (drying) models, but decreases over time for the GFDL, NCAR and CNRM (wetting) models, thereby implying an increase (decrease) in the loading cost of the respective contracts. For the example shown here, stronger autocorrelation/MDV implies a higher loading cost for all of the model/RCP combinations except for the CSIRO RCP 8.5. In this extreme example, where the highest probability of 10 or more TCEs is at relatively low autocorrelation, the projected reduction in regional rainfall is so pronounced that the late 21st century mean rainfall is below the contract strike level; so strong MDV actually enhances the probability of more Bnormal^rains.
Conclusions
This study has explored the precipitation and evapotranspiration output from five CMIP5 GCMs and two RCPs for the West African Sahel and their implications for index insurance pricing and viability as a financial adaptation for the region. Hypothetical national drought index insurance contracts for the millet crops in Mali, Burkina Faso and Niger and a hypothetical national flood index insurance contract for the irrigated rice crop in Niger were the basis of analysis. Even though future climate stresses, land use changes and socioeconomic factors will play critical roles in shaping future agricultural practices and index insurance demand, this study makes the simplifying, limiting assumption that agricultural practices and index insurance contract architecture will remain temporally invariant. Addressing this concern may be a fruitful area for future research.
Trends in precipitation, evaporation and precipitation-evaporation were analyzed for the All Sahel domain and country/region specific domains were established as the basis for analysis for the specific hypothetical contracts. Future index insurance work in this region or others may seek to explicitly create contracts based on more complex metrics of water stress, including the seasonal Water Requirement Satisfaction Index (WRSI), the Standardized Precipitation/Evaporation Index (SPEI) or other models (Hargreaves and Allen 2003) .
The five models analyzed in this study show a wide range of projections of regional precipitation and evaporation; the GFDL model having the strongest regional wetting trend, CSIRO model having the strongest regional drying trend, the NCAR and CNRM models having moderate wetting and the GISS model having moderately drying trends. Trends in evapotranspiration tended to be of the same sign as trends in precipitation. The precipitationevaporation analysis tends to be dominated by the change in the precipitation. The models analyzed here tend to produce a drier trend for the western Sahel than for the central Sahel.
Changes in TCE frequency and Bexpected risk^price were found to be more sensitive to changes in the mean than changes in the variability. The GCM/RCP combinations that projected a drying trend tended to increase (reduce) the expected risk price of the drought (flood) contracts. The opposite was true of the GCM/RCP combinations that projected a wetting trend. Some of these modeled increases and reductions to the premium are quite significant (in some cases on the order of a factor 3 change in price). The probability of 10 or more TCEs in a 30-year period was modeled as a proxy for Buncertainty risk^. This risk tended in most scenarios to increase with higher autocorrelation values. Whether and to what degree this uncertainty risk increased or decreased over time depended primarily on the sign of the trend of the projected precipitation of the respective GCM/RCP combination.
Uncertainty in the climate modeling literature as to the projected regional moisture trend implies uncertainty in the projected trend of agricultural risks. In order to address this concern, policy and adaptation approaches must be flexible and adaptive. However, even if the region continues to experience a rebound in rainfall, the very high population growth in the region may create food security challenges. An iterative approach to index insurance (using some sort of sliding window to assessing price) would probably be beneficial. The probability of a major regional drought and a major river flood in the same year is relatively low (although not without precedent). Consequently, an approach that targets both (negatively correlated) hydro-climatic risks simultaneously may facilitate internal hedging that may help make such an index insurance portfolio more robust in the face of a changing and uncertain climate. Nevertheless, index insurance should be viewed as one of a number of potential adaptations to climatic changes in the region, along with diversification of and improved resiliency of cultivars, cultivation methods, fertilization practices and other financial adaptations (including microfinance).
In summary, these modeling simulations show a wide range of potential outcomes and implications for index insurance viability, depending heavily on the sign of the modeled precipitation trend. In the most extreme cases, unsustainable prices arise rendering index insurance unviable, while in other scenarios, the actuarial price may decrease over time or may rise slowly enough to make index insurance a viable adaptation several decades into the future. Multi-decadal variability plays a significant role in influencing the likelihood of a run of extreme events, and implicitly in the risk of insurance default. In light of the remaining uncertainties about the region's hydroclimatic future on multiple timescales, multi-model simulation approaches are likely to be more enlightening than consideration of a limited array of scenarios. In conclusion, index insurance shows some potential as a means of financial adaptation to future possible climate related livelihood risks in the West African Sahel, if the changes to regional hydroclimatology are not too severe. However, any comprehensive approach to regional climate adaptation should encourage flexibility and diversification of adaptation measures to account for the uncertainties and evolution of the climate system.
